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ABSTRACT
We investigate the evolution of Brightest Cluster Galaxies (BCGs) from redshift z ∼ 1.6 to z = 0. We upgrade
the hierarchical semi-analytic model of Croton et al. (2006) with a new spectro-photometric model that pro-
duces realistic galaxy spectra, making use of the Maraston (2005) stellar populations and a new recipe for the
dust extinction. We compare the model predictions of the K-band luminosity evolution and the J-K, V-I and I-K
colour evolution with a series of datasets, including Collins et al. (Nature, 2009) who argued that semi-analytic
models based on the Millennium simulation cannot reproduce the red colours and high luminosity of BCGs at
z > 1. We show instead that the model is well in range of the observed luminosity and correctly reproduces
the colour evolution of BCGs in the whole redshift range up to z ∼ 1.6. We argue that the success of the semi-
analytic model is in large part due to the implementation of a more sophisticated spectro-photometric model.
An analysis of the model BCGs shows an increase in mass by a factor 2 − 3 since z ∼ 1, and star formation
activity down to low redshifts. While the consensus regarding BCGs is that they are passively evolving, we
argue that this conclusion is affected by the degeneracy between star formation history and stellar population
models used in SED-fitting, and by the inefficacy of toy-models of passive evolution to capture the complexity
of real galaxies, expecially those with rich merger histories like BCGs. Following this argument, we also show
that in the semi-analytic model the BCGs show a realistic mix of stellar populations, and that these stellar pop-
ulations are mostly old. In addition, the age-redshift relation of the model BCGs follows that of the universe,
meaning that given their merger history and star formation history, the ageing of BCGs is always dominated
by the ageing of their stellar populations. In a ΛCDM universe, we define such evolution as ’passive in the
hierarchical sense’.
Subject headings: Galaxies: evolution - Galaxies: fundamental parameters - Galaxies: clusters: general -
Galaxies: star formation - Galaxies: photometry - Galaxies: stellar content
1. INTRODUCTION
Hierarchical clustering arises naturally in the favoured
ΛCDM cosmology and allows us to test our theories of galaxy
formation and evolution in a realistic cosmological setting.
Galaxy formation models embedded in the ΛCDM cosmol-
ogy have resulted in remarkable agreement with observations
across a range of structures at different scales in the Universe
and at different times. At the level of single galaxies how-
ever, a number of problems remain unsolved. These typically
manifest most acutely for the extreme objects in the galaxy
population, such as Ultra-Luminous InfraRed Galaxies, sub-
mm galaxies, dwarf galaxies, and Brightest Cluster Galaxies
(BCGs). Whether an excessive star-formation rate, a chemical
abundance issue, or an odd combination of observed proper-
ties, these objects remain a challenge to our physical under-
standing of the mechanisms of galaxy formation.
When considering BCGs, it is the idea of massive, metal-
rich, passively evolving objects that stretches the boundaries
of the models. Such features are hard to reproduce in the con-
text of the ΛCDM theory, where structures grow in a bottom-
up fashion, and where the biggest objects are also the last to
assemble. In addition, BCGs show signs of being quite dis-
tinct from the rest of the elliptical galaxy population in clus-
ters (see De Lucia & Blaizot, 2007); they exhibit a very tight
luminosity and colour distribution, with a relatively small
scatter, a feature that suggested they could be used as ’stan-
dard candles’ in cosmology (Postman & Lauer, 1995).
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Massive elliptical galaxies appear to form the bulk of their
stellar mass at high redshift (z > 2) and evolve undisturbed
for most of their subsequent life. This information is inferred
from the analysis of galaxy spectral energy distributions
(SEDs), colors and luminosities. In recent papers various au-
thors have explored the uncertainty in the mass-luminosity
and mass-colour relations resulting from the choice of dif-
ferent stellar population models used for this kind of study
(Tonini et al. 2009, 2010, Henriques et al. 2011; see also
Fontanot & Monaco, 2010). Early assembly and subsequent
passive evolution of the high-mass end of the galaxy popu-
lation is a serious challenge for the hierarchical scenario; the
apparent speed of mass assembly for the most massive objects
is hard to accomodate on the background growth of dark mat-
ter halo structures. In fact, galaxy formation models predict a
significant evolution for BCGs (and massive elliptical galax-
ies in general) at z < 1 (see De Lucia & Blaizot, 2007). The
bottom-up growth of structures seems unable to produce very
large stellar systems at high redshifts, while the same systems
continue to accrete mass and form stars at lower redshifts.
The low-redshift star formation problem is partially allevi-
ated with the introduction of AGN feedback, which prevents
star formation even when the galaxy accretes gas, although
this solution still lacks a complete physical understanding3.
The high redshift, early growth of big ellipticals however
seems to be a more fundamental problem, because it is more
closely linked to the dark matter halo assembly rate. Simply
3 In fact, different implementations of AGN feedback in semi-analytic
models cause a divergence in the luminosity function, expecially at high red-
shift; see for instance Tonini et al. 2010 (Fig. 8), and Henriques et al. 2011
(Fig. 2).
2 C. Tonini et al.
put, at z > 1 either there are no virialized halos big enough
to host the stellar masses deduced from observations, or alter-
natively, there are no means of cooling enough gas with the
required rates in the existing halos to produce stellar systems
of that mass.
Recently, Collins et al. (2009) pointed out the inability of
the hierarchical scenario to produce galaxies like the bright-
est cluster galaxies (BCGs) observed at redshifts z ≥ 1. The
SED-fitting analysis, based on the Bruzual & Charlot (2003;
BC03) stellar population models, shows that the observed
BCGs at z ≥ 1 have stellar masses estimated around 1012 M⊙
which, as they point out, are 3-4 times larger than predicted
by simulations, and seem to be composed of relatively old
stellar populations. The estimated ages and star formation
histories indicate and early rapid formation and a fast decay,
with 50% of the stellar mass in place at z = 5, and 80% in
place at z = 3. The timescale of the mass assembly is thus
comparable with the age of the bulk of the stellar compo-
nent (2-3 Gyr), a situation closely resembling monolithic col-
lapse. To assembly ∼ 1012 M⊙ of stars in ∼ 4 Gyr, an aver-
age star-formation rate SFR ∼ 250 M⊙/yr is needed. In or-
der to achieve a monolithic-like stellar mass growth, the main
mechanism leading to star formation cannot be represented by
mergers, since at the scales of interest it would produce shocks
large enough to prevent cooling. Collins et al. (2009) argue
that cold streams able to penetrate the shock-heated region
are then the only viable mechanism. In addition, Collins et al.
(2009) claim that, even if the hierarchical assembly of dark
matter halos is right, the semi-analytic treatment of baryons is
deficient in high-density environments during early assembly.
Thus even if the models are consistent with observations for
the evolution of luminous red galaxies, they fail in reproduc-
ing the BCG population.
What is usually omitted in such discussions is the recog-
nition that galaxy stellar mass is, in fact, inaccessible to di-
rect observation (unless the study is coupled with dynamics
or lensing analysis). The derivation of mass, age, star for-
mation history, metallicity and dust extinction in observed
galaxies is heavily model-dependent and prone to degenera-
cies intrinsic in the SED-fitting procedure (Marchesini et al.
2009, Maraston et al. 2006, 2010, Pforr et al. 2012, Tonini
et al. 2009, 2010). Although Collins et al. (2009) discuss
the implications of using different stellar population models
(BC03 versus M05 for instance), there are other, less obvious
biases in this kind of analysis. One of such biases, which is
addressed in this work, is the assumption about the star for-
mation history of the galaxy, and the intrinsic degeneracy that
exists between the star formation history and the stellar popu-
lation model in use. In particular in the SED-fitting technique
coupled with BC03 models, in order to fit both the colours
and the K-band luminosity of observed BCGs, a passive evo-
lution scenario for the star formation history provides the best
fit, which leads to an overestimation of the stellar masses and
ages (Maraston et al. 2006, Pforr et al. 2012). When these
results are compared with semi-analytic models, the verdict is
then clear: in model BCGs there is not enough stellar mass,
and it is not assembling fast enough at high redshifts.
In order to dissipate any ambiguity, and to bypass any issue
related to SED-fitting, let us rephrase the problem as follows:
semi-analytic models, which evolve the stellar mass following
the hierarchical clustering constraints, produce BCGs that are
not red enough and bright enough in the K band, and therefore
do not match the actual observations.
In these terms, the claim by Collins et al. (2009) is fair:
indeed, so far semi-analytic models have been struggling with
BCGs luminosity and colours. The BCG problem could be a
sign of a serious fundamental flaw in the hierarchical scenario
of mass assembly, but to support this statement, we need to be
absolutely certain that we understand the stellar-to-dark mat-
ter mass ratio in galaxy clusters, and the mass-to-light rela-
tions in galaxies. To these uncertainties we must add the ones
associated with the physical recipes adopted in semi-analytic
models, such as the cooling and star formation-feedback loop,
the treatment of environmental effects. Given all these sys-
tematics, we argue that the most probable cause of the dis-
agreement between the hierarchical scenario and the data for
the BCG population is still to be found in the details of the
models we use, rather than in a fundamental pillar of our the-
ory.
Of particular interest for this work, the modeling of the
galaxy emission in semi-analytic models is becoming more
and more sophisticated, and is sensitive to physical processes
that affect galaxies most effectively at high redshifts (Tonini
et al. 2009, 2010, 2011). In a recent paper (Tonini et al. 2010)
we tested the ability of a semi-analytic model of galaxy for-
mation (GalICS, Galaxies in Cosmological Simulations, Hat-
ton et al. 2003) to reproduce the colors and near-infrared
luminosities of galaxies at the high-mass end of the stellar
mass function, at redshifts 1.5 < z < 2.5. The introduction
of the M05 stellar population models into the hierarchical
framework proved to be fundamental for successfully predict
the galaxy properties. We showed that the high rest-frame
K-band luminosities and red rest-frame V − K colors of both
passively-evolving and star-forming galaxies at 1.5 < z < 2.5
can be reproduced within the range of masses and galaxy ages
that are predicted by the hierarchical mass assembly. In addi-
tion, the implementation of the M05 prescription has proven
to be quite successful in reproducing the high-mass end of the
luminosity function at z > 2 (Henriques et al. 2011). The
tension between model predictions and observations, regard-
ing the near-IR mass-to-light ratio, is solved by the detailed
inclusion of the TP-AGB phase of stellar evolution into the
model.
In this work we extend our analysis to BCGs, in order
to compare our model predictions with the observations dis-
cussed by Collins et al. (2009), and a number of other datasets
that follow the photometric evolution of BCGs up to z ∼ 1.6.
To produce our predictions we use the semi-analytic model
of Croton et al. (2006). The backbone of both this model
and the one used by De Lucia & Blaizot (2007) to investigate
the BCG evolution is represented by the so-called ’Munich
model’ based on the Millennium simulation (Springel et al.
2005), while the two models differ mainly in the adopted ini-
tial mass function (IMF) and slightly in the galaxy merger
prescription.
The main novelty introduced in this work is a new spectro-
photometric model attached to the semi-analytic model, based
on the M05 stellar population models, and a new treatment for
dust extinction.
It is important to state that our aim is not to produce a model
ad hoc to reproduce the observations of BCGs. Rather, the
sophistication we introduce in our model allows us to use it
as a tool to investigate the strengths and weaknesses of our
physical recipes. In particular, we do not tweak the galaxy
evolution to produce more stellar mass at high redshift. We
show that just by introducing a more accurate photometry the
model now reproduces the colour evolution of BCGs up to
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z ∼ 1.6, predicts an excess of luminosity in the K band, and
by taking a closer look at the evolution of model BCGs, a
number of interesting questions are raised.
This paper is structured as follows: in Section 2 we de-
scribe the main features of the new model, including the re-
covery of the star formation histories, the stellar population
model, the dust extinction, and the BCG selection. In Sec-
tion 3 we present the model predictions regarding the BCG
K-band luminosity and color evolution, and compare these
results with data from the literature, including Collins et al.
(2009). In Section 4 we analyse the model BCGs star for-
mation histories. In Section 5 we discuss our results in the
context of BCG evolution in a hierarchical framework. Fi-
nally we present our summary in Section 6. Throughout the
paper, we adopt the following values of the cosmological pa-
rameters: H0 = 70 km/s/Mpc, ΩM = 0.27, ΩΛ = 0.73, w = −1.
2. THE UPGRADED MODEL
The upgraded version of the Croton et al. (2006) semi-
analytic model used in this paper is characterized by a new
approach to the production of the galaxy photometry. The
main feature of the photometric model is the output, in the
form of galaxy spectra, from the far-UV to the far-IR. The
advantages of producing galaxy spectra are linked to versatil-
ity; in a phase of post-processing, the model can 1) produce
light-cones and shift between absolute and apparent magni-
tudes without the complications introduced by K-corrections,
2) produce mock galaxy catalogues tailored to particular in-
struments and surveys with any set of filters, and 3) allow the
application of a variety of dust models.
By comparison, the previous version of the model calcu-
lated galaxy luminosity from photometric tables: these rep-
resent the luminosity of single stellar population on a grid
of ages and metallicity, for a fixed set of filter bands. The
model used the instantaneous SFR, averaged over the simu-
lation timestep (∼ 300 Myr), to add new stellar mass to the
galaxy. By keeping track of its age and metallicity, the model
was able to associate to it an entry from the photometric table
at all times. Notice that the resolution of the star formation
history is too low to keep track of the luminosity evolution of
the younger stellar populations. The practical disadvantage of
such method is obvious as well: all the parameters of the pho-
tometric model must be hardwired into the inputs, meaning
that any change in the desired output (for instance different
photometric bands, or AB versus Vega magnitudes), as well
as any change in the dust model, require a new run of the
semi-analytic model. In addition, this method produced ab-
solute magnitudes only, while the apparent magnitudes were
obtained through K-corrections, that required a (crude) mod-
eling of the spectrum and introduced systematic errors.
To produce realistic galaxy spectra, the model required a
series of revisions, the most prominent ones being the use
of more sophisticated stellar population models, and a more
physically-based dust extinction recipe. This required a new
technique to extract the galaxy star formation histories with a
level of precision that allows to exploit the photometric model
at the best of its capabilities.
The setup for the spectro-photometric model is such that,
once the spectra are produced, everything else (like the choice
of filters, the dust recipe, the errors associated with magni-
tudes, the cuts in the mock catalogues) is obtained in post-
processing. A detailed description of the new setup can be
found in Bernyk et al. (in prep). The new model can be ac-
cessed online to produce mock catalogues, through the Theo-
retical Astrophysical Observatory4 (TAO).
2.1. Star-formation histories
In order to produce realistic galaxy luminosities across a
wide range of photometric bands, the mix of the stellar pop-
ulations in the model galaxies must be represented with an
accuracy that matches the rapid variations of the stellar pop-
ulation emissions in their young and intermediate ages. This
is expecially crucial at redshifts z > 1, where a substantial
amount of the stellar mass is formed, and where the average
age of the stellar populations is significantly lower. As a stel-
lar population ages, its evolution slows down, and the preci-
sion of the output star-formation history can decrease accord-
ingly.
In practical terms, for every model galaxy we must follow
the evolution of each new stellar population generated in ev-
ery episode of star formation in the galaxy merger tree. Mod-
ern stellar population models like the M05 produce spectra
with an age accuracy of 1 Myr for the youngest populations,
and this must be matched by the star-formation history. The
star-formation history output can be achieved with an inho-
mogeneous grid in lookback time attached to every object in
the simulation, that records the quick evolution of the newly-
formed stellar populations while progressively decreasing its
precision for older populations. The grid is matched exactly
to the output of the stellar population models in use.
Complicating the calculation is the fact that the internal
time grid of the semi-analytic model is differently spaced, so
that the instantaneous star formation rates are recorded every
∼ 300 Myr. This timescale is too long to produce a realistic
UV and blue part of the galaxy spectrum. But to refine the
semi-analytic model timegrid down to steps of 1 Myr would
be impossible in terms of data storage and running time. On
the other hand, the ∼ 300 Myr timescale is too short for the
slow evolution of the old stellar populations, and it would pro-
vide an unnecessarily high level of detail. To overcome this
issue, we need to take the information about the star forma-
tion rate stored in the semi-analytic model timegrid of ∼ 300
Myr and pour it into the inhomogeneous star formation his-
tory grid, somehow making up for the lack of information on
very short timescales.
The star formation burst has a certain shape in time, of
which we know the integral every ∼ 300 Myr. We assume
that its functional form is a constant in each ∼ 300 Myr inter-
val, so that to transfer between the two different timegrids, we
just need to spread the mass produced in ∼ 300 Myr over the
finer SFH time bins, by weighting it with the varying width
of the bin. The bursts of star formation produces in mergers
are instead recorded on a separate timegrid, and are added to
the star-formation history at the moment of the event. Every
galaxy at every redshift features a star-formation history with
the same lookback-time grid, in order to insure a consistent
level of precision.
2.2. Stellar population models
Following Tonini et al. (2009, 2010, 2011) and Henriques
et al. (2011), we use the M05 stellar population models
to build the galaxy emission. For the purpose of the cur-
rent work, the interesting difference between M05 and BC03
(which was originally featured in the Munich model vari-
ous implementations) is the inclusion in M05 of the TP-AGB
4 htt p : //tao.it.swin.edu.au/
4 C. Tonini et al.
emission, which largely dominates the near-IR luminosity
(peaking at the rest-frame K band) of intermediate-age stel-
lar populations. The effects of this emission in K and J make
the use of M05 expecially interesting for the comparison with
the Collins et al. (2009) near-IR data.
The TP-AGB light lowers the mass-to-light ratio in the K-
band by a factor between 2 and 10 depending on the average
age of the stellar populations in the galaxy (Maraston 2005),
so the BCG K-band luminosity is expected to be higher for the
same stellar mass, and the J − K colors are expected to be red-
der. This feature is decisive for a solution of the discrepancy
between model and data found by Collins et al. (2009); the in-
creased K-band luminosity and redder colors for a given stel-
lar mass works in favour of obtaining more realistic-looking
BCGs within the structures provided by the hierarchical mass
assembly.
Recent new stellar population models like Conroy et al.
(2009; see also Conroy & Gunn, 2010) are now providing
their own recipe for the advanced stages of stellar evolution
such as the TP-AGB, but the near-IR emission results closer
to BC03 than M05. Note that the scope of this work is not to
discriminate between different stellar population models, but
to highlight the effect of different recipes on our physical in-
terpretation of the evolution of BCGs. An implementation of
the Conroy et al. (2009) and other stellar population models
in the semi-analytic model and in TAO will be addressed in
future works.
2.3. Dust
To complete the spectro-photometric model, we provide a
new recipe for the dust extinction, which is an extension of
the one adopted in Tonini et al. (2010, 2011). The model
relies on the notion that dust grains are composed of metals
released into the inter-stellar medium (ISM) mainly by mas-
sive stars in the phases of planetary nebulae and supernovae
Type II, and are subsequently destroyed by ionizing photons,
such as those emitted by massive stars, with a relatively short
(∼ 107yr) duty cycle (a review can be found in Boulanger,
2009, Section 3). The dust content of the ISM therefore is
tightly linked with the ongoing star formation activity in the
galaxy (see for instance Xiao et al. 2012, Daddi et al. 2007,
Maraston et al. 2010), and specifically in our model it in-
creases with the instantaneous star formation rate (SFR). This
approach provides a physical interpretation of the galaxy dust
content, and is in line with ongoing investigations in the field
(for instance Ferrara et al. 1999, Guo & White 2008).
We characterise the total dust content of the galaxy with the
colour excess E(B −V ), which represents the relative attenu-
ation of the B-band and V-band luminosities, and we express
it as a function of the galaxy SFR with the following parame-
terisation:
E(B −V) = RdustA ·
(
SFR
SFR0
)γ
+ B , (1)
the parameters A = (e3 − e−2)−1, B = −Ae−2, SFR0 =
1.479 M⊙/yr, γ = 0.4343 are empirically calibrated based on
a set of data of the E(B − V ) − SFR for a GOODS sample
(Daddi et al. 2007, Maraston et al. 2010) and the Andromeda
galaxy. The dust is applied to the rest-frame galaxy spec-
tra in the form of a Calzetti extinction curve, with amplitude
E(B −V). The curve is calibrated with the value Rdust = 3.675
in order to have zero amplitude at the centre of the Johnson
K-band (21900 Angstrom), which is generally observed to
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FIG. 1.— The relation between the colour excess E(B −V ) and the instan-
taneous star formation rate (SFR). The red line is the relation parameterized
by Equation 1, the purple symbol represents the Andromeda galaxy, and the
black points with errorbars represent a sample from GOODS (Daddi et al.
2007).
be unaffected by dust. The dust absorbs light bluewards of
the K band and re-emits it at longer wavelenghts. Since the
semi-analytic model does not provide spatial information in-
side single galaxies, we adopt one value of the colour excess
E(B −V ) for each galaxy. In Fig. (1) we show our E(B-V) −
SFR relation (red line), and the data from the GOODS sam-
ple (black points with errorbars) and the Andromeda galaxy
(purple symbol).
Notice that the range of SFR values of interest in the present
work is well constrained by data; even at high redshift BCGs
are in general not characterised by extreme bursts of star
formation. In comparison, for starbust galaxies and Ultra-
Luminous IR Galaxies the determination of both the SFR
and the dust extinction are far more uncertain. The present
model extrapolates to the very high SFR regime rather con-
servatively.
2.4. The model BCGs
Real-life BCGs are defined at z = 0 as the most luminous
members residing in galaxy cluster cores, usually by a selec-
tion in the K-band. In general they are determined to be the
most massive galaxies in the clusters, bar the uncertainties in
the stellar mass determination, and under the assumption of
passive evolution. They are also estimated to sit at or near the
minimum of the cluster gravitational potential well5.
To study the evolution of BCGs up to z ∼ 1.6, we must first
characterize a galaxy cluster up to that redshift. The definition
of cluster for the local universe, based on a threshold on the
estimated total mass (usually of the order of M ∼ 1014 M⊙ at
z = 0), becomes problematic and somewhat arbitrary at higher
redshifts, due to uncertain evolutionary effects in the cluster
mass function. In models, a way around this problem is to
define as clusters (or cluster progenitors) the N most massive
dark matter halos at all redshifts, and to define as BCGs their
central galaxies. As discussed in De Lucia & Blaizot (2007),
a choice of this sort preserves the comoving number density
of BCGs at all redshifts, and our model sample is then quali-
tatively comparable to a sample of X-ray selected galaxy clus-
ters down to some fixed comoving abundance. Even though,
5 Although recent works, such as Skibba et al. (2011), pointed out that this
criterium can be violated in as much as 40% of clusters.
Brightest Cluster Galaxies in a hierarchical universe 5
due to the variety of mass accretion histories for different ha-
los, there is only a partial overlap between local BCGs and the
descendants of high-redshift BCGs, the fact that these objects
sit at the center of the largest dark matter perturbations at all
redshifts guarantees that they represent different evolutionary
stages of a uniform class of galaxies (De Lucia & Blaizot,
2007).
In semi-analytic models the central galaxy in any dark mat-
ter halo sit at the minimum of the gravitational potential and is
the most massive in that halo by definition, without any con-
straints on its past evolution. The other galaxies in the halo
are defined as satellites, and they are subject to tidal stripping
of gas and dark matter as soon as they enter the larger halo,
with the consequent truncation of the star formation and the
fading of the stellar component. These assumptions normally
imply that the central galaxy in each halo is also the most lu-
minous in all bands, and can be defined as a BCG for cluster
halos. In any case, it has been extensively discussed in the lit-
erature (see for instance Tonini et al. 2011) that the treatment
of satellites in models is too blunt, and presents an unrealis-
tic portrait of these galaxies. For this reason, semi-analytic
models are unfit to reproduce a case of a BCG that is not the
central galaxy in the dark matter halo.
We define the model BCGs as the central galaxies in the
most massive N = 200 dark matter halos for each output (i.e.
redshift) of the simulation, up to z ∼ 2.
3. RESULTS
Fig. (2) shows the evolution of the observed-frame K-band
luminosity for the model BCGs (blue points), compared with
the sample discussed by Collins et al. (2010; red points), and
a number of samples from z = 0 to z ∼ 1.6 by Whiley et al.
(2008; Hubble and SDSS data, purple diamonds and crosses),
Stott et al. (2008; green points), Brough et al. (2008; cyan
triangles), Lidman et al. (orange triangles) and from GOODS
(Daddi et al. 2007, black squares).
It is clear that the model BCGs lie on the bright side of
the data, across the whole redshift range, and exhibit a larger
scatter. The definition of BCGs in this work implies that the
observed luminosities are well in the range of the model, how-
ever the model can overshoot the brightest K-band magni-
tudes by about 1 mag. Note also that this effect is independent
of dust, since the dust extinction curve is calibrated to be null
in the K band.
The cause of this excess luminosity lies in the adoption of
the M05 stellar population models, that include the TP-AGB
light, with a caveat: if the star formation rate in the model
BCGs had been null since, for example, redshift z ∼ 2, the
TP-AGB phase would not be active for a significant fraction
of the stellar mass, and the K-band emission would be fainter;
however, even a small star formation activity, resulting in a
small percentage of intermediate-age stars that is negligible
in terms of mass, produces a boost in the K-band light due to
the TP-AGB phase (see Tonini et al., 2009, 2010).
This result shows that, contrary to the claim by Collins et
al. (2009), the model BCGs are definitely bright enough. In
other words, the stellar mass assembled by the model, con-
strained by the hierarchical growth of structures, is adequate,
and was not the reason for the discrepancies between models
and data in the past. Up to z ∼ 1.6, the extremely luminous
galaxies that lie at the center of clusters are well represented
in the model galaxy population. The new spectro-photometric
model, quite successful in reproducing the high mass end of
the luminosity function up to redshift 4 (see Henriques et al.
2011, Tonini et al. 2010), turned the discrepancy with BCGs
observations upside-down. While it is reassuring to see that
BCGs are no longer out of the model luminosity (and there-
fore mass) range, this result however highlights the degener-
acy between the stellar population models and the details of
the star formation history. We remind the reader that, amongst
the available stellar population models, the M05-based is the
one with the highest K-band luminosity.
On the other hand, note that the inclusion of the TP-AGB
emission also affects the slope of the K − z relation, which is
instead well reproduced. The mass-to-light ratio in the K band
evolves at different speeds depending on redshift. At z> 1 the
bulk of the stellar mass of the model BCGs is dominated by
stellar populations in the age range 1 − 3 Gyr (see the next
Section), therefore the K-band emission is dominated by TP-
AGB stars. The K-band mass-to-light ratio of these galaxies
is the lowest in the redshift range considered, and is evolving
relatively fast. At lower redshifts instead the bulk of the stellar
mass is composed by progressively older stellar populations,
and the TP-AGB contribution becomes less and less impor-
tant, thus the mass-to-light ratio increases and the luminosity
evolution slows down.
The fact that the model produces the correct slope of the
K − z relation across the whole redshift range considered
shows that the model correctly reproduces the relative evolu-
tion ot the K-band mass-to-light ratio in BCGs. With a more
modest TP-AGB contribution (as is the case of the BC03 mod-
els, used in De Lucia & Blaizot (2007)), the slope of the K − z
relation would be steeper, and the luminosity evolution would
be completely driven by the mass evolution, with a mass-to-
light ratio that stays nearly constant. In such a situation, the
discrepancy between the model slope and the observed one
forces the conclusion that the mass evolution in the model is
off.
Fig. (3) shows the predicted evolution with redshift of the
observed-frame J − K, V − I and I − K colors of the model
BCGs bewteen z∼ 0 and z ∼ 1.6 (blue points), compared with
the observations discussed in Collins et al. (2009; red points),
the data by Stott et al. (2008, 2010; green points), the data by
Lidman et al. (in prep., orange triangles) and the Hubble and
SDSS samples by Whiley et al. (2008; purple symbols).
The colour evolution of the model BCGs agrees remark-
ably well with the data. As is expected from the definition of
BCGs, the data lies at the very red end of the model colour
distribution, across the whole redshift range. In all colors the
model is also able to reproduce the steepening of the colour-
redshift relation occurring at z ∼ 0.3, but more data is needed
to investigate this in more detail. More data would also be
desirable to investigate the turnover of the model relation at
z > 1.
An important difference between model and data, however,
is the scatter. The model BCGs exhibit a large spread in
colours, shifted towards the blue. The cause of this is related
to the model BCG evolution, and in particular their star for-
mation history, as will be discussed in the next Section. No-
tice however that the current version of the model is rather
conservative in the dust prescription, and the AGN feedback
implementation crude (see Croton et al. 2006). Both these
recipes affect the colour distribution of the model BCGs, and
in particular an upgrade of the AGN feedback with more so-
phisticated physics is expected to reduce the colour scatter (to
be addressed in future work). In the present work however,
we choose not to rely too much on the still uncertain AGN
feedback prescriptions to specifically reproduce the BCGs
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FIG. 2.— The observed-frame K-band luminosity evolution of the model BCGs (blue points), compared with a number of datasets: the sample discussed by
Collins et al. (2010; red points), two samples by Whiley et al. (2008; Hubble and SDSS data, purple diamonds and crosses), a sample by Stott et al. (2008; green
points), a sample by Brough et al. (2008; cyan triangles), a sample by Lidman et al. (orange triangles) and a sample from GOODS (Daddi et al. 2007, black
squares).
colours.
This plot disproves the claim that hierarchical models are
incapable of reproducing the very red J −K colors of observed
BCGs. Notice that this result did not require a re-calibration
of the model parameters. For instance, we could have raised
the cooling rate or cut off AGN feedback in an attempt to cor-
rect the failed semi-analytic+BC03 galaxies, but this would
have affected the entire stellar mass function, not just the BCG
population. As it is, the current semi-analytic model can ac-
commodate extreme objects like BCGs at different redshifts
with a more sophisticated spectro-photometric model.
3.1. The nature of the BCG evolution
At face value, this result shows that the model BCGs are
realistic, albeit too bright. The slope of the colour-redshift
evolution is reproduced across all colours, indicating that the
model produces the correct balance between stellar popu-
lations of different ages. In addition, although the model
colours tend to scatter towards the blue, the inclusion of the
near-IR emission of TP-AGB stars allows the model to cover
the observed range of J − K and I − K.
The real value in such galaxy formation models though lies
not in their success or failure, but rather answering why. They
allow us to take a detailed look at the galaxy population to
truly test our understanding of BCGs. Specifically, how are
these galaxies evolving? The upper panel of Fig. (3) shows
the predicted J −K redshift evolution for three toy models dis-
cussed in Collins et al. (2009): they are single stellar popu-
lations (synthetised with BC03 models) in the case of no lu-
minosity evolution (dot-dashed line), and passively evolving
with formation redshifts of 5 (dashed line) and with formation
redshift of 2 (solid line). The middle and lower panel of Fig.
(3) show the predicted V − I and I − K redshift evolution for
three toy models discussed in Whiley et al. (2008): again they
are single stellar populations (synthetised with BC03 models),
in the cases of passive evolution with formation redshift of 5
(dashed line), formation redshift of 2 (solid line) and forma-
tion redshift of 1 (dotted line). Among the toy models, the
one depicted by the solid line seems to be most successful in
reproducing the data. This model assumes that a BCG is a sin-
gle stellar population which has passively evolved from z = 2
to z = 0, assuming the BC03 stellar population model (notice
that passive evolution is the fundamental pre-requisite to treat
BCGs as standard candles).
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FIG. 3.— The color evolution of the model BCGs from redshift z = 0 to z ∼ 1.6 (in all panels the model galaxies are represented by blue points). Upper panel:
J − K, data by Collins et al. (2010; red points), Stott et al. (2008, 2010; green points) and Lidman et al. (orange triangles). The lines represent toy models
discussed in Collins et al. (2009) for single stellar populations (synthetised with the BC03 models), in the cases of no luminosity evolution (dot-dashed line),
with passive evolution with formation redshifts of 5 (dashed line) and with formation redshift of 2 (solid line). Middle panel: V − I, data by Whiley et al. (2008;
purple symbols. Lower panel: I − K, data by Whiley et al. (2008; purple symbols. In the middle and lower panels, the lines represent toy models discussed in
Whiley et al. (2008) for single stellar populations (synthetised with the BC03 models), in the cases of passive evolution with formation redshifts of 1 (dotted
line), formation redshift of 2 (solid line) and formation redshift of 5 (dashed line).
The semi-analytic model produces the same colours. This
result, albeit positive in terms of the model performance,
raises much more interesting questions. How much do the
model galaxies differ from the toy-model scenarios of passive
evolution, and how accurate is such scenario for BCGs in the
real universe? How degenerate is this problem, really?
4. STAR FORMATION HISTORIES
As stated already, the aim of this work is not to produce a
version of a semi-analytic model that reproduces a number of
data samples, but rather to use the power of the model itself to
push the boundaries of our understanding of real BCGs, and
in particular to question the general consensus on passive evo-
lution. With a model that matches their colour evolution and
mass/luminosity range, we are in a strong position to address
the pressing issue of the BCGs star formation history.
Figure (4) shows the distributions of the instantaneous star
formation rates (SFR) (left column) and specific star forma-
tion rate (sSFR) (right column) of the model BCGs up to z 1.6.
Both these quantities are defined for each galaxy as the aver-
age over the last simulation timestep, of length ∼ 300 Myr.
At low redshifts (z< 0.2) for the large majority of the model
BCGs the star formation activity is low to moderate in abso-
lute terms. The colours in general match the data, but a tail
of bluer galaxies is produced. As clear from the values of
the sSFR, this star formation activity is negligible in terms of
mass growth. Recently, Liu et al. (2012) analysed samples
of optically-selected and X-ray selected BCGs in the redshift
range z = [0.1,0.4], looking for signs of star formation ac-
tivity. And indeed, the observed distribution of star forma-
tion rates is in accord with the results of our model, peaking
around ∼ 1 − 10M⊙/yr.
As redshift increases, a tail of higher SFR values starts to
develop, as a result of the high-density and merging-prone
environment in which these galaxies live, and by z > 0.8 most
of the model BCGs are star-forming with SFR > 100M⊙/yr.
Again, this kind of activity produces a tail of bluer galaxies,
but is not enough to move the colors of the model BCGs off
the data. Up to z ∼ 0.8, only a small fraction of the model
BCGs is significantly increasing its mass via star formation.
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FIG. 4.— Star formation activity of the model BCGs from z = 0.02 to z = 1.63. Left column: distribution of the instantaneous star formation rate (SFR).
Right column: distribution of the instantaneous specific star formation rate (sSFR). On the y-axis we plot the fraction of BCGs in a given bin of star formation
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FIG. 5.— Stellar mass of the model BCGs (in units of 1010M⊙) as a func-
tion of redshift.
At z > 1 all model BCGs are actively star forming with sSFR
that indicate a significant mass growth on timescales of ∼ 1
Gyr.
Fig. (5) shows the stellar mass of the model BCGs (in units
of 1010M⊙) as a function of redshift, and it confirms what
emerges from the star formation history. For z > 1 the mass
growth is rapid and driven by star formation. After z ∼ 1 the
mass evolution slows down and stops altogether, except at the
massive end of the BCG distribution where it shows a more
erratic behavior. Coupled with the decrease of the sSFR val-
ues, this indicates that the mass growth at the high mass end
is now driven only by mergers. From redshift 1.63 to redshift
0, the BCG mass growth spans a factor 2 − 3, compatible with
the results of De Lucia & Blaizot (2007), but the largest part
of this mass evolution happens at z > 1.
Figs. (4) and (5) show that the model BCGs are, in general,
not passively evolving, at odds with the toy models discussed
by Collins et al. (2009) and Whiley et al. (2008), and with the
diffuse consensus regarding these objects.
5. DISCUSSION: THE BCG EVOLUTION
A massive galaxy that is passively evolving since z ∼ 2 is
exceptionally hard to produce in a hierarchical cosmology,
particularly in clustered environments. This has always been
listed as a classical problem of galaxy formation in a cold dark
matter universe, and up to now it seemed quite a fundamen-
tal one, with models being unable to produce enough mass
(or luminosity) and reproduce the colour evolution of BCGs.
However, the model considered here can reproduce the ob-
servables of BCGs and their redshift evolution, albeit with a
larger scatter than the data, even within a ΛCDM cosmology.
The reason is not due to an improved understanding of the
fundamental physics of galaxy formation, but due to more re-
alistic spectro-photometric modelling of the galaxy light cou-
pled with the stochastic nature of galaxy evolution.
It is remarkable that the same BCG datasets can be repro-
duced with widely different evolutionary scenarios, such as
passively evolving single stellar populations versus full hier-
archical merger trees with stochastic star formation histories
and residual star formation at low redshifts. From the obser-
vations of the K-band luminosity evolution and the colours
evolution described in this work, the nature of BCG evolution
is in fact inaccessible. This should spark a healthy discus-
sion about the degeneracies intrinsic in our modeling, includ-
ing the models used on the observational side (such as the
SED-fitting technique), to interpret the data and infer galaxy
masses, ages, SFR, dust extinction and so on. Recent studies
(Tonini et al. 2009, Marchesini et al. 2009, 2010, Maras-
ton et al. 2010, Pforr et al. 2012) have highlighted that the
interpretation of the star formation history of galaxies from
SED-fitting is heavily model-dependent, and in particular is
sensitive to the stellar population models in use. Here lies the
key to the issue: when performing the SED-fitting technique,
there is a degeneracy between the stellar population model in
use and the physical quantities inferred from the fit, includ-
ing mass, age and the star formation history. The same is
true when building a toy model like the ones discussed in the
previous Section: the choice of the stellar population models
determines the type of star formation history that better repro-
duces the data. In addition, these kind of toy models not only
allow for a limited library of star formation histories of regular
functional form, but also have no way of taking into account
the accretion of stars from satellites, which is a crucial part
of the evolution of ellipticals and BCGs in particular. So for
these galaxies the toy-model approximation is especially bad,
and leads to a severe misunderstanding of their evolution.
On the other hand, the fundamental output of the model is
the mass, not the luminosity. The galaxy emission is attached
in post-processing to the star formation histories in the form
of galaxy spectra, including the dust extinction. So there is no
ambiguity about the predictions of the model regarding star
formation and mass growth. Crucially, although the results
of semi-analytic models still depend on the stellar population
models of choice, they do not assume a star formation history,
nor does the star formation history come from a library of sim-
plified theoretical functions. The model transforms gas into
stars following a universal cooling recipe and the Schmidt-
Kennicutt law, and the variety of outcomes is a direct conse-
quence of environment and merger history. The model recipes
for the star formation are grounded in observations, and they
have a physical motivation that exists independently of the re-
sults of the model (contrary to other model parameters like for
instance those connected to feedback, which are fine-tuned to
reproduce the luminosity and stellar mass functions). Coupled
with the fact that merger trees are completely determined by
the hierarchical growth of structures in the ΛCMD cosmol-
ogy, this leaves no degrees of freedom for the star formation
histories. To force the model to produce massive passively
evolving galaxies from z ∼ 2 without arbitrary fine tuning (i.e.
assuming that BCGs do not evolve like normal galaxies in any
respect, for example with a special AGN treatment), would re-
quire forcing the cosmology beyond the observed limits, and
probably discarding the ΛCDM scenario altogether.
The study of the evolution of BCGs make for a good ex-
ample of the ambiguity introduced by our reliance on certain
assumptions. If we assume passive evolution, then BC03 stel-
lar population models give a good fit, but imply that the hier-
archical mass assembly is wrong. If we assume BC03 stellar
population models, then we have to conclude that BCGs are
passively evolving in order to match their colours and lumi-
nosity, but we then have to conclude that the hierarchical mass
assembly is not fast enough. If we use M05 stellar population
models, then we can conclude that BCGs are not single stellar
populations passively evolving but hierarchical objects with a
complex assembly and star formation history, and the hierar-
chical mass assembly can account for such objects.
5.1. Passive evolution in a hierarchical universe
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FIG. 6.— The distribution of ages of the model BCGs, as a function of redshift. We define the age of each BCG as the minimum age of a certain fraction of its
stars, which corresponds to the lookback time of their formation. The contours represent the number of galaxies that have a certain age at a certain redshift. In
the left panel we define the age of the BCG based on the oldest 50% of its stars, while on the right panel we define its age based on the oldest 90% of its stars.
The black line in both plots shows the age of the universe as a function of redshift.
The idea of passive evolution implies that no new stellar
populations appear in the galaxy since the time of formation.
In addition, toy models like the ones discussed by Collins et
al. (2009) and Whiley et al. (2008) approximate the galaxy
stellar component with a single stellar population that is left
undisturbed to redden and fade. In a hierarchical universe and
in a clustered environment this kind of scenario, albeit being
able to fit the data, is grossly oversimplified. In the semi-
analytic model BCGs are not single stellar populations and
are still evolving at low redshifts. But if we study them from
the point of view of their stellar populations alone, are they
young objects or are they old? How do we define the age of
a realistic galaxy, composed by a mix of stellar populations,
and in this case, how do we define passive evolution?
Figure (6) shows the distribution of ages of the model BCGs
as a function of redshift. We define the age of each BCG as
the minimum age of a certain fraction of its stars, which corre-
sponds to the lookback time of their formation. The contours
represent the number of galaxies that have a certain age at a
certain redshift. In the left panel we define the mass-weighted
age of the BCG as the lookback time by which 50% of its stars
were formed, while on the right panel we define the same
quantity based on 90% of its stars.The black line in both plots
shows the age of the universe as a function of redshift.
This figure reveals a number of things. First, the evolution
of the model BCGs fans out from z ∼ 1, showing a larger and
larger variety in age as time goes by. This behaviour is driven
by the differences in mass and environment, and is sustained
by the ongoing star formation. This variety causes the colours
of the model BCGs to scatter towards the blue.
Second, most model BCGs are actually old. For most of
them, at any given time the majority of their stars are of an
age equal at least to half the age of the universe.
Third, the BCGs population seems to grow old following
the ageing of the universe itself. There is a constant gap be-
tween the age of the oldest BCGs and the age of the universe
(the black line in the plot), whether one considers the 50%
or the 90% mark as an age indicator. We argue that this is
the fastest any given galaxy can evolve, given the cosmologi-
cal model. In fact, we could in principle have a faster ageing
of the BCGs if the mergers of satellites were delayed by a
few Gyrs, for example, thus making the age-redshift relation
steeper. However, once we assume the WMAP cosmology +
ΛCDM scenario, then the hierarchical growth of dark matter
structures is fully constrained, and we associate no freedom
of parameters to the merger trees. This means that the times
of satellite accretion are fixed.
With this assumption in place, it is then only the star forma-
tion history − in the main progenitor and in all the satellites
that merge with it − that determines the age of a BCG. (Notice
that this makes for a consistent comparison with observations,
where we can only determine the age of the stars but not the
epoch of mergers).
Consequently, figure (6) means the following: the star for-
mation in the model BCGs is not intense enough to offset their
mass-weighted age since z ∼ 1.6. There is not enough newly
formed stellar mass to rejuvenate these objects, whose age-
ing is always dominated by the ageing of their stellar popula-
tions, regardless of where they were formed (main progenitor
or satellites). For comparison, a truly actively star forming
galaxy (like a spiral) would show a flatter age-redshift rela-
tion, which means that the fractional increase of stellar mass
is dominated by new stellar populations (and not accretion
of old stars), with a rate sufficiently high to lower the mass-
weighted age.
Since the ageing of the BCG is dominated by the ageing
of its stellar populations (1 Gyr every Gyr), implying that the
difference between the BCG age and the age of the universe
is constant, this represents an equivalent scenario to that of
a single stellar population ageing in a passive evolution toy
model. The difference is that we are now considering not one
stellar population, but all the populations that end up forming
the BCG, i.e. we are looking at the collective ageing of the
stellar component in the merger tree. We define this behaviour
as ’passive evolution in the hierarchical sense’.
6. SUMMARY AND CONCLUSIONS
In this paper we investigated the luminosity and colour evo-
lution of Brightest Cluster Galaxies (BCGs) as predicted by
the semi-analytic model by Croton et al. (2006). We upgraded
the model with a new prescription for the galaxy emission,
characterized by 1) the output of accurate star formation his-
tories and galaxy spectra, 2) the use of M05 stellar population
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produced the K-band luminosity evolution and the colour evo-
lution in J-K, V-I and I-K up to z ∼ 1.6, and compared them
with a series of datasets (Collins et al. 2009, Whiley et al.
2008, Stott et al. 2008, Brough et al. 2008, Daddi et al. 2007,
Lidman et al. in prep.).
The comparison of the model BCGs with the data shows
that the model can reproduce the J-K, V-I and I-K colour evo-
lution up to z ∼ 1.6. Also, the model can reproduce the slope
of the K-band luminosity evolution. The model BCGs are
however too bright compared to the data, due to the coupling
of the M05 photometry with residual star formation activity.
An analysis of the model BCGs, and in particular their mass
assembly and star formation histories, highlights the funda-
mental difference between the model realisation of BCGs in
the hierarchical scenario and the general consensus regard-
ing these objects, derived from SED-fitting and toy-modeling
the observations. The semi-analytic BCGs are not passively
evolving, but they increase their mass by a factor 2 − 3 since
z ∼ 1.6, and show signs of star formation activity down to
low redshifts (although newer observations seem to support
the latter feature). We argue that toy models are too simplis-
tic and the method of SED-fitting plagued by the degeneracy
between star formation history and stellar population models
in use, which is avoided in semi-analytic models by construc-
tion.
We also emphasise that, even for semi-analytic BCGs that
show evolution down to low redshifts, their stellar populations
are actually old. For realistic galaxies composed of multiple
stellar populations we define galaxy age based on the mini-
mum age of an arbitrary fraction of its stars. With this metric
we show that such BCGs are ageing at the same rate as the
universe. We define such evolution as passive evolution in a
hierarchical sense.
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